Abstract Extreme ultraviolet (EUV) spectroscopy has been developed for impurity diagnostics in HL-2A tokamak. The EUV spectrometer consists of an entrance slit, a holographic varied-linespace (VLS) grating, a back-illuminated charge-coupled device (CCD) and a laser light source for optical alignment. Spectral lines in wavelength region of 20-500Å observed from HL-2A plasmas were analyzed to study the impurity behavior. Spectral and temporal resolutions used for the analysis were 0.19Å at CV (2×33.73Å) and 6 ms, respectively. It was found that carbon, oxygen and iron impurities were usually dominant in the HL-2A plasma. They almost disappeared when the siliconization was carried out. Although the EUV spectra were entirely replaced by the silicon emissions just after the siliconization, the emissions were considerably decreased with accumulation of discharges. Aluminum and neon were externally introduced into the HL-2A plasma based on laser blow-off (LBO) and supersonic molecular beam injection (SMBI) techniques for a trial of the impurity transport study, respectively. The preliminary result is presented for time behavior of EUV spectral lines.
Introduction
Study on the impurity behavior [1] is significantly important for the fusion research, since the plasma performance can be improved by controlling the impurity content at plasma core, and the divertor heat flux can be mitigated by enhancing the impurity radiation loss at plasma edge. In toroidal devices the impurity intrinsically exists in plasmas as the impurity would be produced from plasma-facing materials. The impurity is also extrinsically introduced for the diagnostic purpose through the gas-puffing, pellet injection, laser blowoff (LBO) [2] and supersonic molecular beam injection (SMBI) [3] . The impurity ions in the toroidal plasma widely distribute along the radial direction from plasma edge to plasma core as a function of the ionization energy of impurity ions. Spectroscopy [4] is a unique method to observe the impurity spectra and to study the impurity behavior. In particular, extreme ultraviolet (EUV) spectroscopy is an excellent tool for the impurity diagnostics in high-temperature plasmas of fusion devices. The wavelength region of EUV spectroscopy contains several resonant lines from low-Z impurities such as C, O and He, medium-Z impurities such as Si and Fe and high-Z impurities such as Mo and W. Therefore, the EUV spectroscopy has been widely applied in fusion devices such as LHD [5−7] , NSTX [8] , Alcator C-Mod [9] and EAST in 2013 [10, 11] . In the HL-2A tokamak, vacuum ultraviolet (VUV) spectroscopy was firstly developed using a normal incidence spectrometer for the edge impurity diagnostics in wavelength range of 300-3200Å [12, 13] . The development of EUV spectroscopy in wavelength range of 20-500Å has recently started using a grazing incidence spectrometer to study the impurity transport of the HL-2A plasma. Absolute intensity calibration of the EUV spectrometer system was performed using the bremsstrahlung continuum in high-density discharges of the HL-2A tokamak [14] . The EUV spectra were analyzed in ohmic discharges. Experiments have also been carried out using LBO and SMBI. A preliminary result is presented for temporal behavior of Al and Ne line emissions.
Instrumentation of EUV spectrometer
A layout of the EUV spectrometer system is shown in Fig. 1 . The EUV spectrometer consisting of an en- * supported partially by National Natural Science Foundation of China (Nos. 11175061 and 11375057), and the JSPS-NRF-NSFC A3 Foresight Program in the field of Plasma Physics (NSFC: No. 11261140328) trance slit, a holographic varied-line-space (VLS) grating, a back-illuminated charge-coupled device (CCD) and a laser light source for optical axis alignment was evacuated with a magnetic-floating turbo-molecular pump (300 L/s) followed by an oil-free rotary pump (5 L/s). The vacuum pressure was maintained at the order of 10 −5 Pa. The EUV spectrometer was installed on an outboard midplane diagnostic port to observe the HL-2A plasma in the direction perpendicular to the toroidal magnetic field. The specification of the spectrometer is summarized as follows:
Entrance slit: 30 µm or 100 µm in width VLS grating: 1200 grooves/mm at the center Effective area of grating: 26 mm×46 mm Curvature radius of grating: 5612 mm CCD size: 26.6×6.7 mm 2 (1024×256 pixels).
Fig.1 Schematic view of EUV spectrometer system
The holographic VLS grating can improve the reflectivity at shorter wavelength region of λ <150Å and also suppress the stray light and the higher-order light. The large grating curvature makes possible a large incident angle by keeping enough distance between the entrance slit and the grating. A detailed structure of the EUV spectrometer is illustrated in Fig. 2 . EUV light emitted from plasmas passed through the entrance slit and was diffracted on the VLS grating with an incident angle of α = 87
• . The EUV light diffracted to different output angles was focused on the flat focal plane at which the CCD detector was exactly adjusted. The distances from the entrance slit to the VLS grating and from the VLS grating to the focal plane were 237 mm and 235 mm, respectively. The spectral resolution was examined in the wavelength range of 20-500Å. The full width at foot position of the EUV spectrum ranged from 4.0 to 5.2 pixels of the CCD detector. A typical result of Gaussian fitting of the EUV spectrum is shown in Fig. 3 for CV (2×33.73Å). The full width at half maximum (FWHM) of the spectral line, ∆λ, is 0.19Å. A good spectral resolution sufficient for the impurity diagnostics was obtained over the entire wavelength range. The line intensity from impurities was absolutely calibrated by comparing the bremsstrahlung continuum in the EUV range between the measurement and the calculation results [14] . A stable discharge with n e =2.5×10
13 cm −3 , T e =450 eV and Z eff =3.2 was used for the absolute calibration. The absolute calibration factor analyzed in the present study showed a relatively flat distribution against the wavelength. For the investigation of external impurity behavior, several active tools have been developed such as LBO and SMBI. The LBO injection system developed for the present study consists of a YAG laser, a lens and a thin material target. The YAG laser with a wavelength of 1053 nm has a maximum output energy of 800 mJ and a pulse length of 8 ns. The target was fabricated by coating a target material such as Al, Ti and Ni on a quartz glass with size of 38×38×1 mm 3 and thickness of several µm. The number of injected particles was controlled by adjusting the size of laser spot. The target was set at 710 mm away from the plasma edge. The SMBI system consists of an electromagnetic valve, cooling trap and vacuum pumping unit. The gas pressure varied from 1 bar to 30 bar to control the number of injected particles from 2×10 17 to 6×10 19 per single injection. The injector temperature was controlled down to the liquid nitrogen temperature (100 K) by the cooling trap.
EUV spectra from HL-2A Ohmic plasmas
Typical EUV spectra observed from Ohmic discharges of HL-2A are plotted in Fig. 4(a) -(c) in the wavelength regions of 20-150Å, 150-300Å and 300-500Å, respectively. The EUV spectrometer can simultaneously measure the line emissions in the wavelength interval of 130Å from shorter wavelength side and 250Å from longer wavelength side. The data are taken at the minimum temporal resolution of 6 ms through the full vertical binning (FVB) mode. The CCD operated at relatively high temperature of 5
• to avoid certain damage to the CCD by any sudden break of the vacuum pumping system.
The EUV spectrum in shorter wavelength range shown in Fig. 4(a) was dominated by H-like CVI and OVIII and He-like CV and OVII emissions, whereas the spectrum in longer wavelength range shown in Fig. 4(c) was dominated by light impurities in lower ionization stages. The intensity of line emissions in the shorter wavelength range was usually one order of magnitude stronger than that in the longer wavelength range. The strong HeII line at 303.38Å indicated an effect of He glow discharge cleaning (GDC). In Fig. 4(b) , metallic iron emissions from M-shell ionized stages were observed with Li-like OVI and Be-like OV emissions. The intensity of Fe emissions was relatively weak compared to that of light impurities, in particular, oxygen. The spectra indicated that a lot of oxygen still remained in the plasma. In addition, the Fe emissions were generally enhanced during ECRH phase.
The siliconization was then carried out as the wall conditioning to reduce the concentration of light and metallic impurities. The EUV spectra were observed just after the siliconization, and the result was plotted in Fig. 4(d)-(f) . It is clear that the impurity emissions of C, O and Fe are entirely replaced by Si emissions, whereas the He emission is still visible. The Fe and O levels were negligibly small. The C level also significantly decreased. For example, the intensity of CVI (33.73Å) emission became one order of magnitude weaker after the siliconization. Li-like SiXII and Be-like SiXI emissions are dominant in the wavelength region of 20-150Å, while B-like SiX and N-like SiVIII emissions are dominant in the wavelength region of 200-400Å. These strong silicon emissions could be gradually decreased by repeating the Ohmic discharge. The present result indicates that the siliconization can effectively reduce the intrinsic impurities such as C, O and Fe which are the main radiation source of HL-2A plasmas. As a result, the total radiation loss was successfully reduced after the siliconization.
EUV spectra with Al and Ne injection
Aluminum was injected through the LBO system during ECRH phase (P ECRH =1.7 MW) in Ohmic discharges. Time behaviors of AlX (48.30Å) and AlIV (581.91Å) were measured using the EUV and VUV spectrometers, respectively. Typical waveforms of AlX and AlIV in the vicinity of the LBO injected at t=700 ms are shown in Fig. 5(a) and (b) , respectively. The EUV spectra after and before Al injection are also plotted in Fig. 5(c) in the wavelength range of 20-100Å. The spectra after Al injection were dominated by Li-like AlXI, Be-like AlX, B-like AlIX and C-like AlVIII emissions in the wavelength interval of 45-70Å, while the spectrum before Al injection only indicated intrinsic light impurities of C and O. Here, we notice that the line intensities of C and O are not affected by the Al injection.
Neon was injected with the SMBI system in Ohmic plasmas. The time behaviors of Li-like NeVIII (88.09Å) and F-like NeII (1399.5Å) were also measured with EUV and VUV spectrometers, respectively. Typical waveforms in the vicinity of SMBI injection at t=600 ms of NeVIII and NeII are shown in Fig. 6(a) and (b), respectively. The EUV spectra after and before Ne injection are plotted in Fig. 6(c) in the wavelength range of 20-150Å. It is clear that the spectrum after the Ne injection in the wavelength interval of 70-130Å was dominated by Li-like NeVIII and Be-like NeVII. The intensity rise time of NeII was relatively long and did not indicate a clear impurity source term for the transport study. When we observed the intensity decay of both the Ne line emissions, it steadily sustained even after the signal decay. These enhanced emissions after the Ne injection indicated a large recycling of Ne gas. Therefore, the impurity transport study using the SMBI is not so simple and straightforward as using the LBO method. If we apply this method to the impurity transport study, we have to consider the effect of particle recycling and radial distribution of the impurity source term introduced by the SMBI. Metallic impurities such as iron were also observed in the wavelength region of 150-300Å. After the siliconization these spectra disappeared and were replaced by the Si spectra. The LBO and SMBI techniques were attempted as the first trial for the impurity transport study. As a result, it is experimentally certificated that the present LBO system can be applied to the transport study, while the application of the SMBI system with noble gas to the transport study is not straightforward in view of the recycling and well-defined source term. The present EUV spectroscopic system is planned to upgrade for the impurity profile measurement of HL-2A plasmas. The impurity transport study will start with the radial profiles of impurities injected by LBO system.
